The triple A syndrome (MIM 231550) is a rare autosomal recessive disorder characterized by adrenal insufficiency, achalasia and alacrima. The frequent association with a variety of neurological features may result in a severely disabling disease. We previously mapped the syndrome to a 6 cM interval on chromosome 12q13 and have now refined the critical region to 0 cM between KRT8 and D12S1651. Overlapping bacterial artificial chromosome (BAC) sequences of a high resolution BAC/P1-derived artificial chromosome (PAC) contig were screened for gene content and a novel gene encoding a 546 amino acid polypeptide was identified. In nine triple A syndrome patients eight different homozygous and compound heterozygous mutations were found in this gene, most of them leading to a truncated protein suggesting loss of function. RNA blotting experiments revealed marked expression in neuroendocrine and gastrointestinal structures, which are predominantly affected in triple A syndrome, supporting the hypothesis that mutations in this triple A syndrome gene (AAAS) are responsible for the disease. The predicted protein belongs to the family of WD repeat-containing proteins which exhibit a high degree of functional diversity including regulation of signal transduction, RNA processing and transcription.
INTRODUCTION
The triple A syndrome, also known as Allgrove syndrome (MIM 231550), is characterized by the clinical triad of adrenocorticotropic hormone (ACTH)-resistant adrenal failure, achalasia of the cardia and alacrima (1) (2) (3) . The syndrome is associated with variable and progressive neurological impairment involving the central, peripheral and autonomic nervous systems, suggesting mutations in a pleiotropic-acting gene with developmental and tissue-specific expression (4) . Dermatological features such as palmoplantar hyperkeratosis, as well as other signs including short stature, osteoporosis and microcephaly, point to the multisystemic character of the disorder which may severely impair life quality in affected individuals. Using a genome-wide systematic linkage scan we previously mapped the syndrome to a 6 cM interval on human chromosome 12q13 (5) . Investigating a total of 47 informative families we have now been able to refine the critical region to a small interval of 0 cM between markers KRT8 and D12S1651 (6) . A highresolution bacterial artificial chromosome/P1-derived artificial chromosome (BAC/PAC) contig in this region was constructed (7), and high throughput genomic sequences (HTGSs) of overlapping BACs were systematically screened for transcribed sequences. Here we report the identification of a novel gene which is mutated in all patients with triple A syndrome investigated. Sequence analysis showed that this novel gene is predicted to encode a protein containing four WD repeats, thus belonging to the family of WD-repeat proteins. We determined the human tissue expression and propose that the gene should be named AAAS (achalasia-addisonianism-alacrima syndrome gene).
RESULTS

Genetic and physical mapping
In a total of 47 families with triple A syndrome we performed haplotype reconstruction with markers from the triple A critical region which allowed the characterization of six obligate recombination events (Fig. 1A) . The centromeric critical breakpoint placed the triple A gene distal to the single nucleotide polymorphism (SNP) HGBASE:SNP000000070 (http:// hgbase.interactiva.de ) within KRT8 (Fig. 1B) . The critical telomeric breakpoint was in family 8, placing the triple A gene proximal to D12S1651 (Fig. 1C) . Additional recombination events inferred from regions of autozygosity in patients from consanguineous families support the refinement of the triple A locus to a genetic interval of 0 cM between KRT8 and D12S1651 (Fig. 1A) . There was no evidence for genetic heterogeneity, as in all families the result was compatible with linkage to this region. We constructed a high resolution BAC/ PAC-based contig in the triple A critical region (7) 
Identification of the human AAAS gene
Using GENSCAN and GRAILEXP programs on the six overlapping HTGS BAC clones, several novel genes were predicted. The hypothetical RNAs of these coding segments were subjected to extensive BLAST analyses. One of the predicted mRNA fragments deriving from the HTGS BAC clone RP11-680A11 (GenBank accession no. AC073611) provided significant sequence homology to cDNA clone DKFZp586G1624 (GenBank accession no. AL110160.1) and two full-length cDNA sequences published in GenBank (accession nos AF226048 and AK000833) encoding a transducin-like protein. As these proteins are known to exert regulatory functions in transcription and signal transduction, we considered this gene to be a plausible candidate for triple A syndrome.
The cDNA of 1751 bp exhibited an open reading frame of 1638 bp encoding a protein of 546 amino acids with a calculated molecular mass of 59.6 kDa (Fig. 2) . By comparing the cDNA sequence with the HTGS BAC sequence (GenBank accession no. AC073611) the exon-intron structure of the gene was determined. The gene consists of 16 exons and the intron lengths vary between 85 bp and 4575 bp ( Table 1 ). The poly- adenylation signal (AATAAA) precedes the poly(A) tail by 21 bp. Protein motif search using PROSITE revealed the existence of WD repeats. Using the WD-repeat consensus sequence (8, 9) and BMERC search engine, a total of four WD repeats showing significant similarity to the consensus sequence were identified in this protein (Fig. 2 ). This suggests that the gene encodes a novel WD-repeat protein. BLAST search revealed no significant homology to any previously identified human WD-repeat protein. A protein database search revealed that AAAS is most closely related to the Drosophila melanogaster CG16892 gene product (GenPept accession no. AAF46484; 30% identity, 45% similarity), Arabidopsis thaliana putative protein (GenPept accession no. CAC00753; 29% identity, 42% similarity) and a vegetative incompatibility protein HET-E-1 from the fungus Podospora anserina (GenPept accession no. AAA85775; 26% identity, 43% similarity). By PROSITE motif search, several sites for glycosylation, myristoylation, casein kinase II phosphorylation and protein kinase C phosphorylation were also identified in AAAS, but their significance remains to be determined. The last three amino acids, Ser-His-Leu, represent a peroxisome-targeting signal 1 (PTS1) (10) . It has been shown that PTS1 is important for protein import into peroxisomes and other microbodies (11) .
Tissue expression of human AAAS
To determine the tissue distribution of human AAAS a Clontech multiple tissue expression array was probed with AAAS cDNA (D2). It appears that AAAS shows ubiquitous expression in human tissues. Notably, a particularly abundant expression was observed in the adrenal gland, gastrointestinal structures, pituitary gland, cerebellum and fetal lung (data not shown).
ESTs homologous to the AAAS gene were identified in cDNA libraries from whole embryo and diverse adult human tissues (AA330197, Hs 125262), supporting the result that AAAS is an ubiquitously expressed gene.
Mutation analysis in patients with triple A syndrome
We searched for sequence alterations in the entire coding region and exon-intron boundaries of AAAS in nine triple A families including 19 patients. We identified a total of eight different mutations occurring in exons 1, 2, 6, 8, 9, 11 and 15 including three missense mutations (Q15K, H160R and S263P), three nonsense mutations (W84X, R286X and R342X) and two frameshift deletions of 1 and 2 bp (552-553delTT and 1471delC), respectively ( Table 2) . Selected homozygous or heterozygous sequences are depicted in Figure 3A . Mutations were found in all triple A families either in a homozygous (n = 7 families) or compound heterozygous (n = 2 families) form. The occurrence of homozygous mutations in patients from consanguineous families matches with the autozygosity previously found on the marker level. Interestingly, the 869T→C (S263P) mutation was found in four different families. The two Polish patients from families 6 and 7 were homozygous for this mutation, whereas in families 1 (German origin) and 5 (Polish origin) the mutation was found on one of the disease alleles. In family 1, the second allele bore a missense mutation (125C→A, Q15K) and in family 5 the second allele carried the 1 bp deletion (1471delC) resulting in a frameshift after Ser463 with a nonsense sequence of 86 amino acids. In the consanguineous Polish family 2 we found a homozygous TGG→TAG transition at the 3′ splice junction of exon 2 that causes a change of Trp84 to a stop codon (W84X) predicting a truncated protein of 83 amino acids. In both patients from the consanguineous family 4 from Israel we detected a 2 bp deletion (TT) at the second and third positions of codon 157 in exon 6. This 2 bp deletion (552-553delTT) causes a frameshift after Val156, resulting in a nonsense sequence of 15 residues followed by a premature stop codon. All eight patients from the large and highly consanguineous Métis-Canadian family described by Moore et al. (12) carried a CGA→TGA transition in exon 9, causing a change from Arg286 to a stop codon (R286X). None of the mutations were found in 50 healthy control individuals. Segregation studies were performed by single-strand conformation polymorphism (SSCP) analysis or direct sequencing. In all families the mutations segregated with the disease in that the healthy parents were heterozygotes, affected siblings also bore the mutation and unaffected siblings were either carriers of the disease or healthy homozygotes (Fig. 3B) . The results are consistent with the proposed autosomal recessive inheritance (3) and support the hypothesis that the mutations in AAAS are responsible for triple A syndrome.
DISCUSSION
Patients with triple A syndrome suffer from the clinical triad of adrenal failure, achalasia and alacrima. The autosomal recessive disorder manifests itself within the first decade of life with alacrima being the earliest and most consistent symptom followed by glucocorticoid deficiency and achalasia (4) . The frequent association with a variety of neurological disorders, including dysautonomia, in addition to various dermatological and other features such as short stature, facial dysmorphy and osteoporosis, indicates that triple A syndrome is in fact a multisystemic disorder.
Based on the refinement of the triple A critical region to 0 cM on chromosome 12q13 and a positional genomics approach, we identified AAAS, the gene defective in families with triple A syndrome. Sequence analysis established that AAAS protein contains four WD repeats, suggesting that it belongs to the large WD-repeat protein family (8) . It has become established that four WD repeats are able to form a typical β-propeller structure, which is involved in protein-protein interactions (9) . Recently, mutations in several novel WD-repeat proteins have been associated with diseases such as Cockayne syndrome, X-linked sensorineural deafness and dactylaplasia (13) (14) (15) . Despite extensive BLAST searches, no significant homologies could be identified, either to a previously described human WD-repeat protein nor to any other known human protein. A protein database search revealed relevant homologies to the D.melanogaster CG16892 gene product, A.thaliana putative protein and a vegetative incompatibility protein HET-E-1 from the fungus P.anserina. WD-repeat proteins exhibit a high degree of functional diversity in that they are involved in signal transduction, RNA processing, vesicular trafficking, cytoskeleton assembly and cell division control (9) . Therefore, it appears difficult to assign a specific function to this novel WD-repeat protein considering the protein sequence alone.
Interestingly, the C-terminal end of the protein consists of the amino acid triplet Ser-His-Leu, which at this position may act as a PTS1 (10) . PTS1 is conserved throughout eukaryotic evolution, and it has been demonstrated to function in diverse species including flies, rats, yeast, plants and man (16) . The topogenic tripeptide has been shown to direct proteins to and into peroxisomes (17) . We therefore presume that AAAS is a protein that may be imported into peroxisomes exerting as yet unknown function(s). Defects of single peroxisomal proteins have been associated with adrenal atrophy, psychomotor retardation, neuronal migrational defects (18, 19) and progressive ataxia (20)-symptoms which are also described in individual patients with triple A syndrome (for a review see ref. 4) . Further experimental studies are required to test this hypothesis.
The ubiquitous expression of AAAS is in accordance with the multisystemic character of the disorder and the predominant occurrence in the adrenal gland, gastrointestinal and nervous structures is in line with the tissues mainly affected in triple A syndrome. We have detected homozygous or compound heterozygous mutations in the AAAS gene which segregate with the disease in all triple A families included in the present study. Five mutations cause either a premature stop codon or a frameshift, thus predicting a truncated protein presumably leading to loss of function. The W84X mutation predicts a complete lack and the 552-553delTT and R286X mutations a significant truncation of the WD domain, respectively. Two of three missense mutations are located within the first (H160R) and third (S263P) WD repeat, respectively (Fig. 2) . Although only the Ser263 is a conserved residue according to the WD-repeat consensus sequence (9) we assume that both mutations might disrupt the β-propeller structure of the protein, thus impairing putative protein-protein interactions. The S263P mutation was found in four families. This phenomenon seems to be based on a founder effect rather than a true mutational 'hot spot' according to the haplotype analyses and the geographical origin of the families. The nonsense mutations R342X and 1471delC do not alter the WD domain, but result in the loss of the C-terminus of the protein, including the PTS1 sequence. Comparing the severities of the phenotypes of the nine patients, there does not seem to be an obvious genotypephenotype relationship. The two patients of family 2, bearing the homozygous truncating mutation W84X in exon 2, are not as badly affected as the patients of families 3 and 4, who carry the homozygous H160R and 552-553delTT mutations in exon 6. However, all patients with the S263P mutation in the third WD repeat exhibit a similar severe phenotype with existence of all three main symptoms of the triple A syndrome, mental retardation and progressive peripheral neuropathy. Patients of families 8 and 9 who have an intact WD domain show no significant phenotypic differences to the other patients. Moreover, in view of the considerable phenotypic variation within the same family (4), a strong genotype-phenotype relationship appears to be unlikely. Obviously, this question should be addressed in extended mutation analysis studies which might be important for the understanding of the structure-function relation of the AAAS protein.
In summary, we have identified AAAS, a novel gene encoding a 546 amino acid protein which belongs to the WDrepeat family and which is mutated in all families with triple A syndrome studied to date. Taking into account RNA expression and segregation studies as well as mutation analysis, we believe that defects in AAAS cause the triple A syndrome. The existence of a C-terminal peroxisomal targeting signal in AAAS is strongly suggestive of a protein involved in peroxisomal function. With the functional characterization of the AAAS protein, a greater understanding of neuroendocrine development can be envisaged.
MATERIALS AND METHODS
Family material
A total of 47 triple A families from four continents were recruited for the refinement study. A subset of nine families including 19 patients (7 males and 12 females; families 1, 2 and 5-7 were of white European origin, family 3 was of Turkish origin, family was 4 of Arabian origin, family 8 was of Métis-Canadian origin and family 9 was of Moroccan origin), were subjected to SSCP and sequence analysis of the AAAS gene. In seven families (families 2-4 and 6-9), the parents were consanguineous. The diagnosis of triple A syndrome was made on the basis of clinical and biochemical evidence of adrenal insufficiency in combination with a deficiency of tear production in a Schirmer test and signs of achalasia visible in barium contrast radiography. Families 1, 4 and 6-9 were reported previously (2, 12, (21) (22) (23) . Blood samples from patients and family members were collected after informed consent. DNA preparation was performed according to standard protocols (24) .
Genetic and physical mapping
Microsatellite analysis was performed with fluorescently labeled primers by standard semi-automated methods using an ABI 377 sequencing machine (Perkin Elmer) (5) . The order of markers used for the genetic finemapping was based on published human linkage maps (25, 26) (http://www.genethon.fr ; http// www.marshmed.org/genetics/ ) and physical mapping data (27) . SNP data were extracted from SNP databases (http://hgbase.interactiva.de ; http://www-genome.wi.mit.edu/SNP/ ). The marker order was confirmed by physical mapping using a high resolution chromosome 12q13 clone overlap map (7) . Construction of the BAC/PAC contig was based on PCR screening of the CalTech 'D' and RPCI-11 human BAC libraries and the RPCI-1,3-5 human male PAC library (Research Genetics). STS content was determined by PCR analysis using all available STSs including markers and ESTs acquired from GeneMap'99.
Databases and database analysis
HTGSs of overlapping BACs from the triple A critical region (7) were analyzed with the use of GENSCAN (28) and GRAILEXP (http://grail.lsd.ornl.gov/grailexp/credits.shtml ) programs. Homology search and exon assembly were performed via BLAST programs at the NCBI server (http:// www.ncbi.nlm.nih.gov/ ). PROSITE searches (29) (http:// www.expasy.ch/prosite/ ) were performed to identify motifs. The detailed WD-repeat analysis was obtained from the PSA Sequence Analysis Server at the BioMolecular Engineering Research Center of Boston University (http://bmercwww.bu.edu ).
Mutation screening and segregation analysis
Coding sequences were amplified from patients' genomic DNA with primers located in flanking introns and untranslated region sequences. Prior to sequencing, PCR products were subjected to SSCP. For SSCP analysis, 10% polyacrylamide gels (Long Ranger; BMA) containing 10% glycerol were run with 1× Tris-borate/EDTA for 16 h at 150 V and 10°C and visualized by silver staining. PCR products were purified using Qiaquick columns (Qiagen) and sequenced on an ABI 377 sequencer using BigDye Terminator Cycle Sequencing kit (PE Biosystems).
Expression analysis
A human multiple tissue northern (MTN) blot (Clontech) was used for northern blot analysis to determine tissue distribution of AAAS transcripts. As a probe, a 606 bp cDNA fragment encompassing nucleotides 1036-1641 of the AAAS cDNA (D2) was radioactively labeled with [ 32 P]dCTP using Prime-IT II (Stratagene). Hybridization with Clontech's ExpressionHyb solution and stringent washes were performed according to the manufacturer's protocol. The filter was exposed in a phosphorimager (FUJIFilm BAS-1800; Fuji) and automatically assessed using the VISUAL GRID program (GPC Biotech).
Primer sequences
Primer sequences used for genetic and physical finemapping and amplification of AAAS sequences are available from the authors by request.
